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Abstract Higher than average thermobaric ratios (temperature/pressure) of metamorphic
rocks and abundant ‘dry’ ferroan magmatism including massif anorthosite suites are two enig-
matic features of the mid-Proterozoic (1.85–0.85 Ga) that have unclear origins. It has been pro-
posed that elevated mantle temperatures due to insulation under the Columbia supercontinent,
and/or to plate slowdown, combined with thin lithosphere, led to high continental geothermal
gradients, high-temperature metamorphism, and an increase in dry, ferroan magmatism. Geody-
namic modelling predicts that continental subduction zones at mid-Proterozoic mantle potential
temperatures (80–150°C hotter than at present) would exhibit key differences to the Phanerozoic,
critically, extensive slab rollback combined with greater volumes of decompression melting of the
asthenosphere would lead to wide regions of back-arc magmatism. We posit that these hot, wide
continental back-arcs can effectively explain the abundance of ferroan magmatism, anorthosite
suites, and high T/P metamorphism. Our model negates the need for extra mantle heating from
supercontinental insulation or plate slowdown and shows that the tectonic regime of the mid-
Proterozoic was a transitional phase between those of the Archean (likely comprising peel-back
tectonics and episodic subduction) and the Phanerozoic (comprising deep continental subduc-
tion), and which could have resulted solely from secular cooling of the mantle.

1 Introduction

It is generally agreed that the dominant tectono-
magmatic processes of continental crust formation
must have changed through Earth history, particu-
larly as they are influenced by changing mantle tem-
peratures (see Figure 1a); however, whereas much
attention has been focused on Archean processes,
the Proterozoic has been somewhat neglected. In-
deed, the geological record of the Proterozoic, and
the mid-Proterozoic in particular (1.85–0.85 Ga), ex-
hibits many enigmatic features that distinguish it
from those of the Phanerozoic andArchean,making it
Earth’s ‘Middle Age’ (Cawood and Hawkesworth, 2014).
These include an apparent high in thermobaric ratios
recorded in metamorphic rocks (Brown and Johnson,
2018, 2019, Figure 1b), and intrusion of voluminous
massif anorthosite suites (Ashwal and Bybee, 2017,
Figure 1c). It has been proposed that many of these
features can be explained by the combined influence
of mantle heating due to supercontinental insulation
(Brown and Johnson, 2018), a slowdown in plate mo-
tions (O’Neill et al., 2022), and a temporary return to
a single-lid tectonic regime following an attempted
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start of plate tectonics in the Paleoproterozoic (Stern,
2020). However, Roberts et al. (2022) questioned the
necessity for supercontinental insulation anddemon-
strated that plate tectonics, albeit dominated by ac-
cretionary orogenesis, was active throughout the
mid-Proterozoic. Although Roberts et al. (2022) ar-
gued that the metamorphic and magmatic record re-
sulted from transitional changes in geodynamics due
to secular cooling of the mantle, they do not present
a direct explanation for magmatic features such as
the abundance of massif anorthosites, or an appar-
ent increase in A-type granitic magmatism. Here, we
address these issues specifically. We make use of
published geodynamic numerical models of subduc-
tion zones and show that several features common to
models conducted at mid-Proterozoic mantle poten-
tial temperatures (80–150°C hotter than at present)
can effectively explain the geological record of this
period. Ourmodel negates the need for mantle heat-
ing due to supercontinental insulation and/or plate
slowdown.

2 Data

Along with anorthosite-mangerite-charnockite suites
(Ashwal, 2010; Ashwal and Bybee, 2017), and other as-
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Figure 1 – (a) Estimates of mantle potential tempera-
ture through time; H10 from Herzberg et al. (2010), and
GF17 from Ganne and Feng (2017). MORB = Mid-Ocean
Ridge Basalt. (b) Metamorphic record presented as cool-
ing rates (dataset of Brown et al., 2022), temperatures and
thermobaric ratios through time (dataset of Brown and
Johnson, 2018, 2019). Grey curves are LOWESS (locally
weighted scatterplot smoothing) estimates of the mean
trends through time; blue lines demonstrate the results of
conjugate partition recursion which is used to find statis-
tical changes in the mean values (from Brown et al., 2022).
(c) Frequency of massif anorthosites, binned at 100 Myrs
(Ashwal and Bybee, 2017). Grey bar represents the mid-
Proterozoic time-interval (1.85–0.85 Ga).

sociated ferroan magmatism such as rapakivi suites
(Rämö and Haapala, 1995; Vigneresse, 2005), it has
been argued that the mid-Proterozoic comprised
more abundant “non-arc” (Liu et al., 2017, 2019)
or A-type magmas in general (Stern, 2020). Es-
timating volumes of magmatic products in deep
time is fraught with issues of sampling and preser-
vation bias; nonetheless, large global geochemical
databases are now commonly used to address sec-
ular changes at a global scale. To address secu-
lar change in continental magmatism, we interro-
gate the geochemical composition of felsic rocks
by utilising the published dataset of Gard et al.
(2019), with the addition of data from 155 sources
(see supplementary file for details). We filtered

the data for 57 < SiO2 < 72 wt%, binned this sub-
set into 100 Myr intervals, and plot as interquar-
tile ranges. Key plots are shown in Figure 2, and
additional plots are available on figshare (https://-
doi.org/10.6084/m9.figshare.c.6328883.v1).

3 Mid-Proterozoic Felsic Geo-
chemical Composition

There are several distinctive features of the felsic
igneous record that occur broadly between ca.
1.9–1.8 Ga and ca. 1.0–0.8 Ga (Figure 2), i.e. the
informal period of the mid-Proterozoic. These in-
clude a marked decrease in La/Yb, Sr/Y, and Eu/Eu*,
and an increase in K2O/Na2O, Rb/Sr and Fe-number
(FeOt/(FeOt+MgO). ASI (Aluminium Saturation Index)
has no distinct change, and MALI (Modified Alkali
Lime Index) has a subtle increase suggesting an in-
crease in alkalinity of granites during this period. The
rapid decrease in Sr/Y at ca. 1.9 Ga was previously
highlighted by Tamblyn et al. (2022), and ascribed
to increasing volumes of residual plagioclase and
decreasing volumes of residual garnet during gran-
ite formation. This mechanism can also explain
secular changes in Rb/Sr, Eu/Eu* and K2O/Na2O,
given the compatibility of Sr, Eu and Na in plagio-
clase. The change in Fe-number, a result of both
decreasing Mg and increasing Fe contents (Figure S1;
https://doi.org/10.6084/m9.figshare.c.6328883.v1),
indicates an enrichment in ferroan geochemical
signatures (Figure 2). Ferroan granitoids are synony-
mous with A-type signatures (Frost et al., 2001; Frost
and Frost, 2010), and it can be seen that A-type indi-
cators such as high Zr+Nb+Ce+Y (i.e. elevated HFSEs)
are also notably abundant in the mid-Proterozoic.

Ferroan granitoid formation is known to typically
involve large degrees of plagioclase fractionation
(Frost and Frost, 2010), which leads to the obvious
question: does a transition from dominantly mag-
nesian magmatism to dominantly ferroan magma-
tism explain overall trends in mid-Proterozoic gran-
ite composition? In Figure 2, a plot of ferroan vs.
magnesian granitoids clearly indicates a change from
50% in the mid-Proterozoic to only 30% at <1 Ga.
However, dividing the data into ferroan and mag-
nesian compositions shows that both varieties ex-
hibit lower Sr/Y through the mid-Proterozoic. There-
fore, there is both a systematic reduction of average
Sr/Y contents across granite types, as well as an in-
crease in ferroan (A-type) signatures through themid-
Proterozoic. These observations can be explained
by: 1) increasing residual plagioclase compared to
that of garnet, requiring magma generation at shal-
lower depths and/or under higher geothermal gradi-
ents (e.g. Alonso-Perez et al., 2009; Moyen, 2009); 2)
smaller degrees of melting, leading to elevated in-
compatible element abundance (e.g. HFSEs); and/or
3) high-temperature melting of residues from previ-
ous magma extraction, which also elevates the HFSE
concentrations such as Zr (Collins et al., 2020).
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Figure 2 – Secular trends in felsic igneous geochemistry, presented as boxplots without whiskers, binned at 100 Myrs, see
main text for source of data. Eu/Eu* = chondrite normalised Eu/(Sm*Gd)0.5, Fe-number = FeOt/(FeOt+MgO), MALI =Modified
Alkali Lime Index, and ASI = Aluminium Saturation Index (Frost et al., 2001).

4 Geodynamics of mid-
Proterozoic Subduction Zones

Mantle temperature plays a fundamental role in con-
trolling the geodynamics at convergent plate bound-
aries, through its influence on the density and rhe-
ology of the lithosphere and asthenosphere. The ef-
fect of elevatedmantle potential temperature (Tp) on
the style of Precambrian subduction has been stud-
ied in detail using numerical modelling by Sizova et al.
(2010), Fischer and Gerya (2016), and Perchuk et al.
(2019). Although the models encompass contrast-
ing temperatures and input parameters, a number of
key features can be gleaned that apply to an elevated
mantle Tp of around ΔT 80–120 °C, i.e. that of the
mid-Proterozoic. These are: 1) extensive and rapid
rollback of the subducting lithosphere; 2) a greater
width between the back-arc and trench; 3) volumi-
nous decompressionmelting of asthenosphericman-
tle; and 4) melting of both basalt and lower continen-
tal crust in response to ascent of this asthenospheric
mantle. These can broadly be considered a result of

increasedmelt-weakening of the lithosphere, a lower
density contrast between oceanic lithosphere and as-
thenosphere, and increased asthenospheric temper-
atures. Figure 3a and 3b shows a reference modern-
day (ΔT 0 °C) model of subduction with comparison
to a model run atΔT 100 °C (from Sizova et al., 2010),
and these are simplified for purposes of comparison
in Figure 3c and 3d. Amodern-day retreating slab will
lead to formation of a back-arc region that hosts de-
compressionmelting of themantle that is dominantly
below the 4% threshold for melt extraction (Sizova
et al., 2010). New basaltic oceanic crust is produced
in a region of lithosphere thinned bymelt-weakening,
and host to rising asthenosphere. More proximal to
the trench is a continental arc intruded by fluid-fluxed
melts of mantle material. At ΔT 100 °C, the extent of
slab retreat and upper-plate extension is greater than
theΔT 0 °C reference model. Higher mantle temper-
atures over a wide back-arc area lead to decompres-
sion melting exceeding the melt extraction threshold
(4 wt%) across this wide back-arc region; this pro-
duces voluminous flood-basalt type (i.e. tholeiitic)
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Figure 3 – (a, b) Numerical models of ocean-continent subduction zone geodynamics by Sizova et al. (2010), run at ΔT = 0
°C (a) and 100 °C (b); these are snapshots taken at the quoted run-times of 15.01 and 13.29 Myrs, respectively. Reproduced
from Sizova et al. (2010), with permission from Elsevier. (c, d) Simplified versions of the geodynamicmodels in (a) and (b). (e)
A modern subduction zone combining elements of numerical modelling (Sizova et al., 2010; Vogt et al., 2012) with that of the
‘proximal I-type, distal A-type’ Lachlan Orogen model of Collins et al. (2020). (f) Hypothesised ocean-continent subduction
zone geodynamics that would exist with mid-Proterozoic Tp. Pie charts show the ratio of magnesian to ferroan magmatism,
estimated from the Ferroan/Magnesian ratios in Figure 1

magmatism across this region. In both the modern-
day and ΔT 100 °C models, lithospheric mantle is
removed across the back-arc region by convective
thinning (Currie et al., 2008), bringing asthenospheric
mantle and the 900 °C isotherm close to or in contact
with the lower crust.

Modern subduction zones are cyclic in nature (e.g.
Haschke et al., 2002; DeCelles et al., 2009), and can
be divided into retreating and advancing modes
whereby the trench is in net retreat or advance com-
pared to a fixed point on the upper plate (Cawood
et al., 2009). Modern examples of retreating and ad-
vancing subduction zones are exemplified by those
of the Western Pacific and the Andes, respectively.
The implication is that Phanerozoic subduction zones
widely vary in architecture, with some comprising
oceanic basins behind the volcanic arc, and others
comprising significantly thickened andelevated conti-
nental crust. Whether Proterozoic subduction zones
exhibit such contrasting architecture has not been
constrained by modelling, but to date, existing geo-
dynamic models are dominated by subduction zones
in retreating mode (Sizova et al., 2010; Fischer and
Gerya, 2016; Perchuk et al., 2019). Based on the ob-
servations that at elevated mantle potential temper-
ature: 1) subduction zone margins are dominated
by slab rollback and upper plate extension; 2) litho-
sphere is removed over a broader region of back-arc

crust; and 3) asthenospheric melt formation is also
much greater in both volume and spatial extent, we
can make several hypotheses about the behaviour
of Proterozoic subduction zones (Figure 3c-d). Fig-
ure 3e shows a simplified version of a Phanerozoic
subduction zone for comparison with our Protero-
zoic model. This comprises a main volcanic arc dom-
inated by magnesian (I-type) magmatism that is ulti-
mately sourced from volatile-fluxed hydrous mantle
melting, and a back-arc region hosting less volumi-
nous ferroan magmatism that results from extensive
fractional crystallisation and/or anatexis of basaltic
underplate under drier conditions. This concept of
proximal magnesian and distal ferroan magmatism
across a convergent margin is well known frommod-
ern retreating or cyclical accretionary orogens such
as the Tasmanides of SE Australia (Collins et al., 2020).
The contrasting volumes of the coastal batholiths of
North America (e.g. DeCelles et al., 2009) with that
of the inland Basin and Range magmatism (e.g. Liu,
2001), provides another useful analogue of proximal
magnesian and distal ferroan subduction zone mag-
matism.

The mid-Proterozoic model (Figure 3f) comprises
a wider volcanic arc that is still dominated by mag-
nesian magmatism. Although speculative, we sug-
gest that wider and thinner volcanic arcs resulting
from rapid slab rollback and upper plate extension
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befit both the geodynamic modelling and the com-
positional signatures (i.e. lower Sr/Y). Furthermore,
this is in stark contrast to thick continental arcs of the
Phanerozoic such as the Andes that require strong
plate coupling and high convergence rates (Sobolev
and Babeyko, 2005). Behind the volcanic arc, a wide
(»100 kms) back-arc region is formed that hosts vo-
luminous basaltic underplating resulting from de-
compression melting of the asthenosphere. Felsic
magmatism in this back-arc region can result from
extensive fractional crystallisation and/or remelting
of this underplated basalt (that in turn is derived
from small degrees of decompression mantle melt-
ing), i.e. the tholeiite connection proposed for mid-
Proterozoic magmatism in North America (Frost and
Frost, 1997, 2010). Moho temperatures across the
back-arc are high enough to induce partial melting
of the lower crust; therefore, felsic ferroan magma-
tism can also be derived from partial melting of the
lower crust that is residual from previous melt ex-
traction events (Collins et al., 1982; Landenberger and
Collins, 1996). The back-arc magmatism may be dis-
tributed in distinctive magmatic belts where deep-
seated structures control magma ascent; these may
be far from the active arc and trench, and critically, far
from any arc-associated lithological assemblage that
may be preserved in the geological record.

5 Implications of Hot, Wide Conti-
nental Back-arcs

Phanerozoic back-arc regions, including both those
that are dominantly advancing (i.e. the North Ameri-
can Cordillera and Andes), and those that are dom-
inantly retreating (i.e. west Pacific), comprise wide
(hundreds of kilometres) regions of elevated heat-
flow, thin lithosphere (∼35–40 km), and have Moho
temperatures of∼800 °C (Hyndman et al., 2005). Mag-
matism is typically small in volume inboard of the
main volcanic arc. In contrast, our model of mid-
Proterozoic wide continental back-arcs comprises: 1)
a much greater extent of felsic back-arc magmatism,
and 2) magmatism forming under higher geother-
mal gradients when compared to the Phanerozoic
(due to elevatedmantle temperatures under ‘normal’
crustal thickness). These features explain both com-
positions indicative of increased plagioclase stability
across all granitoids and an increased ratio of fer-
roan to magnesian magmatism across the conver-
gent margin as a whole. Our model explains the
occurrence of ferroan back-arc magmatism that is
distal to the convergent margin and main volcanic
arc, and thus explains the ‘anorogenic’ appearance
of many mid-Proterozoic magmatic suites (e.g Haa-
pala and Tapani Rämö, 1992; Anderson and Morrison,
2005). Although we point out that describing mid-
Proterozoic ferroan suites as distal expressions of
convergent margin activity is not new (e.g. Åhäll et al.,
2000; Bickford et al., 2015).

Several other enigmatic features of the mid-
Proterozoic can also be explained by our model. For

example, massif anorthosite-mangerite-charnockite
(AMC) complexes are often associated with ferroan
magmatism and are most prevalent throughout the
Proterozoic (Figure 1c). Although the genesis of AMC
suites has been widely debated, their formation can
be ascribed to a distinctive set of processes, most
simply described as protracted and polybaric frac-
tionation of mafic magmas that have ponded at the
Moho at depths of ∼30–40 km (Ashwal and Bybee,
2017). Although the tectonic settings in which AMC
suites formhave been debated, manyworkers favour
an active margin setting (Ashwal and Bybee, 2017;
Slagstad et al., 2018, 2022), although some examples
clearly fall within zones of continental collision (e.g.
the Grenville Province Indares, 2020). We propose
that the continental back-arcs of the mid-Proterozoic
were ideal settings for generating massif AMC suites
since they would have allowed for protracted mafic
underplating in areas of mantle upwelling across
wide back-arc regions. This is further supported by
O’Neill et al. (2022) having argued that the stratified
Proterozoic crust had a greater ability to trap mid-
crustal intrusions than the Phanerozoic and Archean.

Themetamorphic record can be expressed as ther-
mobaric ratios (temperature/pressure; T/P) achieved
during peak metamorphism, and such compilations
can potentially provide insight into secular changes
in behaviour of the lithosphere at collisional plate
boundaries through time (Brown and Johnson, 2018,
2019; Holder et al., 2019). Although limited in sam-
ple size, it can be seen that the mid-Proterozoic
metamorphic record exhibits elevated thermobaric
ratios when compared to the Phanerozoic and the
Archean (Figure 1b). This rise is in part due to the
lack of blueschist-facies (low T/P) metamorphism be-
tween 1.8 and 0.8 Ga, a fact that may be biased
by preservation and/or formation (Palin et al., 2020);
however, despite this caveat, higher thermobaric ra-
tios can potentially be explained by secular man-
tle cooling and the resulting influence on orogene-
sis. Spencer et al. (2021) postulated that Proterozoic
orogens were hot and thin as a result of elevated
mantle heat flow. Here, we build upon this suppo-
sition with our proposition of wide continental back-
arcs. Hyndman (2019) demonstrated that the collision
of back-arc regions provides the necessary heat for
Barrovian metamorphism, as lower crustal tempera-
tures at ∼35 km depth are significantly elevated be-
yond stable continental crust (typically 400-500 °C).
Given that mid-Proterozoic back-arc crust was likely
even hotter (∼900 °C at the Moho) over wide ar-
eas (Figure 3e), collisional belts involving these back-
arc areas, such as the Grenville, Musgrave-Albany-
Fraser andRayner-EasternGhats orogens, would eas-
ily attain very high temperatures. In addition, intru-
sion of high-heat-producing granitoids can increase
crustal heat flow and contribute to regional meta-
morphism, which is a common feature of many Pro-
terozoic orogens of Australia (e.g. Morrissey et al.,
2014; Korhonen and Johnson, 2015). Thus, we spec-
ulate a two-fold consequence of our model that may
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have contributed to the apparent prevalence of high
T/P metamorphism in the mid-Proterozoic: 1) pre-
collisional lower crustal geotherms were high (>850
°C at ∼35 km), and 2) the intrusion of ferroan (and
high-heat producing) magmas produced broad re-
gions of highly radiogenic middle crust.

6 Is Supercontinental Insulation
Required?

High metamorphic thermobaric ratios, the abun-
dance of anorthosite magmatism, and granite com-
position indicative of high geothermal gradients have
previously been speculated as a consequence of in-
creased mantle heating below the mid-Proterozoic
Columbia supercontinent (Cawood and Hawkesworth,
2014; Brown and Johnson, 2019; Tamblyn et al., 2022;
Zou et al., 2023). Roberts et al. (2022) questioned
whether this additional mantle heating was neces-
sary, and critically, highlighted that several of these
‘indicators’ of mantle heating appear in the geologi-
cal record before the Columbia supercontinent fully
amalgamated. Of note, granite compositions show
a very distinct change at ca. 1.9 Ga (Figure 2; Tam-
blyn et al., 2022), which is arguably too early to be
caused by mantle warming from the Columbia su-
percontinent that amalgamated at 2.0–1.6 Ga. Since
mantle heating due to the thermal blanketing effect
of a supercontinent is dependent on the architec-
ture of the surrounding subduction zones (Lenardic
et al., 2011), we argue that the application of this
model to the mid-Proterozoic should remain specu-
lative until a detailed study of mantle heating in re-
lation to specific paleogeographic reconstructions is
conducted. We also note that there is no record of
increased LIP (Large Igneous Province) activity dur-
ing the mid-Proterozoic (Condie et al., 2021). While
we do not discount the prospect of some degree of
subcontinental mantle warming due to the formation
of Columbia, we hypothesise that the expansive for-
mation of hot continental back-arcs alone can ade-
quately explain the mid-Proterozoic’s enigmatic geo-
logical record. However, since sub-continental man-
tle warming would also potentially increase the am-
bient temperature of back-arc regions, we note that
these processes, if present, would have occurred in
tandem.

7 Secular Geodynamic Transitions

The nature of Archean tectonics is widely investigated
and debated, and is not the focus of this study; how-
ever, to understand the mid-Proterozoic, it is per-
tinent to discuss what came before. Although still
a vigorously debated topic, several recent studies
agree that some form of stagnant-lid tectonics tran-
sitioned, possibly through episodic subduction and
peel-back tectonics in the mid- to late Archean, to
a sustained global subduction network by the late-
Archean to early Proterozoic (Cawood et al., 2018;
Capitanio et al., 2019; Chowdhury et al., 2020; Palin

et al., 2020; Condie, 2021; Brown et al., 2022). We
suggest that the mid-Proterozoic is a further transi-
tional phase of geodynamics, comprising truncated
hot collisional orogens (Sizova et al., 2014; Spencer
et al., 2021) and subduction zones with hot, wide,
continental back-arcs. Back-arc regions likely existed
before the mid-Proterozoic, but would have been at
even higher mantle temperatures; at temperatures
>150 °C higher than present day, they may have fea-
tured the lower lithosphere ‘peeling’ off and delami-
nating into the mantle (Chowdhury et al., 2017, 2020).
At even higher mantle temperatures (Δ>200–250 °C),
most geodynamic modelling indicates that subduc-
tion itself was inhibited (Sizova et al., 2010; Perchuk
et al., 2019)(c.f.Weller et al., 2019); these temperatures
correlate to the early Archean, for which geodynam-
ics and the geological record are vigorously debated
(e.g. Windley et al., 2021; Ivan et al., 2022).

Although we argue the mid-Proterozoic magmatic
and metamorphic record is a natural consequence
of secular mantle cooling, the trends in geochem-
istry are not simply linear, in fact, the preceding
late Archean to early Paleoproterozoic displays many
similarities to the Phanerozoic. The cause of this
requires more investigation, but the abundance of
high Sr/Y and high La/Yb signatures prior to the mid-
Proterozoic imply that magma formation was occur-
ring under higher pressure (thicker crust) conditions
on average. This, and the abundance of magnesian
rather than ferroan compositions, implies that hot
and dry magma generation in back-arcs was not as
dominant before the mid-Proterozoic as it was dur-
ing this period. The loci of magmatism have evidently
changed through time, despite the fact that back-
arc type settings may have existed since at least the
Mesoarchean. Although much work has focused on
the origin of Archean TTGs, we suggest that further
geodynamic numerical modelling could be aimed at
a more holistic view of magmatism created during
lithospheric convergence at a range of mantle poten-
tial temperatures.

The felsic compositional record suggests a rela-
tively rapid transition into the mid-Proterozoic geo-
dynamic regime at 1.9 Ga; however, we suggest this
is a corollary of several effects: 1) the scant geological
record during Earth’s tectono-magmatic lull at 2.3 Ga
(Condie et al., 2022); 2) a period of diverse orogene-
sis (i.e. wide-ranging P-T conditions) during the amal-
gamation of Columbia, presumably representing het-
erogeneity in ambient mantle temperature as well a
network of both accretionary and collisional orogenic
belts; 3) the onset of a sustained global subduction
network between 2.5 and 2 Ga (Condie, 2021; Brown
et al., 2022); 4) a potentialmantle overturn event at ca.
2 Ga, perturbing the steady-state geological record
(Condie et al., 2022); and 5) the dominance of accre-
tionary orogenesis and lack of collisional orogenesis
in the 1.7–1.1 Ga period (Roberts et al., 2022). There-
fore, although the geochemical record features ap-
parent dramatic shifts, we argue that changes in con-
vergent margin geodynamics would have been pro-
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tracted transitions. Roberts et al. (2022) argued that
the mid-Proterozoic was host to a transitional phase
of geodynamics, influenced by both secular mantle
cooling and the long tenure and impartial break-up
of the Columbia supercontinent. Our present model
builds on this argument - hot, wide, continental back-
arcs located along margins of the Columbia super-
continent provide a mechanism to generate the ob-
servedmagmatic andmetamorphic record of this pe-
riod.

In the Neoproterozoic, continued secular mantle
cooling would allow geodynamics to further evolve
such that deep subduction of continental lithosphere
was possible at convergent margins (Condie, 2021;
Brown et al., 2022). Back-arc mantle temperatures
would also have cooled down due to secular man-
tle cooling, and by the Phanerozoic, the geodynam-
ics of subduction zone margins were likely similar to
present day.

8 Conclusions

Elevatedmantle temperatures in themid-Proterozoic
led to geodynamics with subtle but critical differ-
ences to those of the Phanerozoic - wider continen-
tal back-arc regions with extensive decompression
melting of asthenosphere above the melt extraction
threshold, leading to widespread basaltic underplat-
ing, and a greater volume and spatial extent of fer-
roan magmatism, including AMC suites, inboard of
the volcanic arc. Our model explains the prevalence
of seemingly ‘anorogenic’ or ‘intraplate’ granitoids
within the mid-Proterozoic, and places them in the
context of convergent margin activity. Hot back-arc
crust and elevated geothermal gradients would lead
to high temperatures being easily attained during
continental collision, potentially explaining the abun-
dance of high-temperature metamorphic terranes in
the Mesoproterozoic. The formation of hot, wide,
continental back-arcs does not necessarily require
extra mantle heat derived from insulation under the
Columbia supercontinent; therefore, although dis-
tinctive in many regards, the mid-Proterozoic geolog-
ical record can be regarded as a natural consequence
of secular mantle cooling and evolving lithospheric
geodynamics.
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